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ABSTRACT
In a series of high resolution numerical modelling experiments, we incorporated submerged
riparian plants into a computational fluid dynamics (CFD) model used to predict flow struc-
tures and drag in river flow. Individual plant point clouds were captured using terrestrial
laser scanning (TLS) and geometric characteristics quantified. In the first experiment, flow is
modelled around three different plant specimens of the same species (Prunus laurocerasus).
In the second experiment, the orientation of another specimen is incrementally rotated to
modify the flow-facing structure when foliated and defoliated. Each plant introduces a
unique disturbance pattern to the normalized downstream velocity field, resulting in spa-
tially heterogeneous and irregularly shaped velocity profiles. The results question the extent
to which generalized velocity profiles can be quantified for morphologically complex plants.
Incremental changes in plant orientation introduce gradual changes to the downstream vel-
ocity field and cause a substantial range in the quantified drag response. Form drag forces
are up to an order of magnitude greater for foliated plants compared to defoliated plants,
although the mean drag coefficient for defoliated plants is higher (1.52 defoliated; 1.03 foli-
ated). Variation in the drag coefficients is greatest when the plant is defoliated (up to
210% variation when defoliated, 80% when foliated).
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Introduction
Vegetation is abundant in lowland rivers and has a
significant influence on their hydraulic, geomorpho-
logical, and ecological functioning. Riparian vegeta-
tion can significantly increase local and boundary
flow resistance and thus cause a reduction in flow
velocity (Kouwen et al. 1969). This strongly reduces
conveyance (Kadlec 1990; Nepf et al. 2007) and cre-
ates regions of reduced shear stress that promote
local sedimentation (Sand-Jensen 1998), influencing
flow and sediment transport pathways (McBride
et al. 2007), biota (Petr 2000), and determining the
local flow conditions (Folkard 2016). Vegetation is
therefore critically important in controlling the
hydrodynamics of aquatic ecosystems (Nikora 2010).
The process by which vegetation extracts energy
from open channel flow is through drag. The total
drag force acting on vegetation is the sum of skin fric-
tion (viscous) drag exerted over the vegetation sur-
face, and form (pressure) drag resulting from flow
separation (Bakry et al. 1992; Siniscalchi and Nikora
2012). For riparian plant species, form drag dominates
over skin friction drag (Nikora 2010; V€astil€a and
J€arvel€a 2014) and can account for 90–97% of the total
drag in turbulent flows (Lilly 1967; Vogel 1994;
Stoesser et al. 2010). Although the drag response is
well understood for simple geometric shapes (e.g. for
cylinders a drag coefficient value of unity is accepted
for Re in the range 103 to 3 105; Panton 1984;
Tritton 1988), it is less well understood for the com-
plex geometries of natural vegetation (Marjoribanks
et al. 2014a). At the individual plant-scale, the drag
response is further complicated by the multitude of
stem- and leaf-scales (de Langre 2008; Albayrak et al.
2012; Luhar and Nepf 2011), variation in plant
morphology (Wilson et al. 2003), and reconfiguration
of the dynamic plant morphology under hydro-
dynamic loading (Vogel 1994).
The plant morphology is defined as the physical
plant structure, including the number of stems, the
size and shape of the leaf body, and the vertical and
horizontal distribution of vegetal elements (Manners
et al. 2015). Plant morphology varies over time and
space (Thomas et al. 2014) and differs depending on
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plant species, size, and patch densities (Naiman and
Decamps 1997). Plant morphology influences flow
field dynamics; for example, Manners et al. (2015)
showed through the analysis of the downstream vel-
ocity field and sediment transport paths around
individual plants for contrasting riparian vegetation
species (Tamarix chinensis/Tamarix ramossissima
and Populus fremontii) that the more complex,
shrubby morphology of Tamarix alters the flow
fields more than the single stemmed, relatively sim-
pler morphology of the Populus. Plant morphology
therefore influences flow through, over and around
vegetation (Tempest et al. 2015), affecting the turbu-
lent flow regimes across a range of spatial scales
(Nikora et al. 2012). Different plant species, with
distinct morphologies, can therefore cause different
effects on the flow and drag response (Watts and
Watts 1990).
Differences in the plant morphology are not lim-
ited to different species, as plants of the same spe-
cies can show morphological variety and a range of
sizes (Siniscalchi and Nikora 2012). In laboratory
flume experiments, it remains uncertain whether the
use of “representative” plant morphologies is suffi-
cient to understand the flow around specific species
when using plant surrogates (Thomas et al. 2014).
Although variation in the biomechanical and mor-
phological factors within and between plant species
have previously been described (Oplatka 1998; Stone
et al. 2013; Whittaker et al. 2013), the effect on flow
field dynamics are yet to be fully quantified. It is
therefore suggested that for an individual species,
plants with different morphologies could introduce
substantial differences into the flow field.
Computational fluid dynamics (CFD) modelling
offers a methodology to simulate flow that is of prac-
tical importance, but notoriously difficult to measure
(Hardy et al. 2003). Discretization methods now
allow vegetation to be treated as a porous blockage
(Marjoribanks et al. 2014a), moving beyond the highly
idealized and simplified plant representations that are
used even in some recent numerical modelling studies
(e.g. Liu et al. 2018). This method allows accurate and
realistic three-dimensional plant morphologies to be
incorporated into the numerical domain and has
recently been extended so the volumetric canopy
morphology of plants can be measured and explicitly
represented in a CFD model (Boothroyd et al. 2016a,
2017). This provides a new approach to study flow-
vegetation interactions.
Here, we provide an improved process–under-
standing of how the presentation of a plant to flow
influences the flow field dynamics. We define plant
presentation as the amount of volumetric canopy
“seen” by the incident flow, relating to the flow-fac-
ing structure that is orientation dependent. This is
achieved by accurately capturing the distribution of
vegetal elements over the three-dimensional plant
structure using terrestrial laser scanning (TLS), and
incorporating these realistic plant representations
into a CFD model. Using this approach, we have
designed a series of numerical modelling experi-
ments (subdivided into experiments 1 and 2) that
allow the influence of the presentation and orienta-
tion of the plant to the incident flow to be tested, to
provide new insights into flow-vegetation interac-
tions at the plant-scale.
i. Experiment 1 investigates flow and drag around
three different plants of the same species (labelled
Pl1–Pl3). The three specimens were selected for
their approximate similarity in size and foliage
density, but natural variation in plant morph-
ology. The experiment is designed to highlight
differences and similarities in flow field dynamics
between plants of the same species.
ii. Experiment 2 focuses on the orientation of a
single plant in foliated and defoliated states. A
fourth plant, of the same species used in experi-
ment 1 (labelled Pl4), is exposed to the incident
flow and then the plant orientation is incremen-
tally varied. This is initially done for the foliated
state then repeated for the mechanically defoli-
ated state. The experiment is designed to test
the downstream velocity and drag sensitivity of
the flow-facing structure, with the orientation
of the plant incrementally changed between
model runs.
In this article, high resolution numerical model
predictions of the downstream velocity and pressure
field around riparian plants are shown. We investi-
gate flow structures and the drag response around
different plants of the same species and incremen-
tally modify plant orientations to assess the influ-
ence of changes in the flow-facing structure on flow
field dynamics. Practical implications are discussed
and then used to provide recommendations of best
practice in future laboratory flume and numerical
modelling experiments.
Methods
Plant characteristics
Prunus laurocerasus was selected as the plant species
for use in this study. The species has an open
framework with a complex branch and leaf struc-
ture, sharing morphological similarities to woody
riverine vegetation species such as Populus nigra
typically found on gravel bars (O’Hare et al. 2016).
In experiment 1, the three specimens (labelled Pl1,
Pl2, and Pl3) have plant heights of 0.80 m. To
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assess changes in plant orientation and differences
in the foliation state, a different specimen (Pl4) was
used in experiment 2. The specimen had a greater
plant height to crown width ratio, with dimensions
of 0.93 0.37 m when foliated and 0.91 0.17 m
when mechanically defoliated (as described by
Boothroyd et al. 2016a). Plant geometry characteris-
tics are summarized in Table 1.
TLS to capture plant morphology
Three-dimensional plant representations were
acquired from a series of point clouds using TLS,
the ground-based implementation of Light
Detection And Ranging (LiDAR). LiDAR is the pre-
ferred tool for capturing remotely sensed three-
dimensional measurements of vegetation (Vierling
et al. 2008), with TLS used to accurately quantify
plant structure and form (Moorthy et al. 2011) and
improve estimates of above ground biomass (Disney
et al. 2018). In this study, specimens were scanned
in a controlled laboratory environment rather than
in situ. Plants were scanned from multiple perspec-
tives, and positioned 5 m from a RIEGL VZ-1000
scanner, as previously reported by Boothroyd et al.
(2016a, 2017). Scans were collected from four
opposing perspectives to minimize occlusion effects
(Moorthy et al. 2008), with the mean distance
between neighbouring points in the registered point
clouds 0.0025 m. Riegl (2015) reported that at a
distance of 10 m, the scanner has a range accuracy
of 0.008 m and a precision of 0.005 m. The regis-
tered point clouds were then postprocessed, with
the neighbourhood-based approach by Rusu et al.
(2008) used to classify outliers and remove errone-
ous returns from the point clouds (Boothroyd et al.
2016a). This step is necessary to remove isolated
points from the point cloud, specifically those off-
centre hits caused by the position and size of the
laser pulse footprint relative to the feature being
scanned (Beland et al. 2014), which would other-
wise lead to plant morphological errors and volu-
metric overestimation (Bienert et al. 2014).
Voxelization procedure
To reduce the number of postprocessed points but
retain plant morphology, a voxelization procedure is
applied. This followed the workflow developed by
Jalonen et al. (2015) and Boothroyd et al. (2016a)
to produce the voxelized plant representations
(example shown for Pl3 in Figure 1). During the
voxelization procedure, initial point clouds with a
0.0025 m point spacing were converted to voxel
arrays with a 0.01 m voxel size. Justification for the
0.01 m voxel size is partly provided by previous
sensitivity analysis that showed similarity in the
flow fields around plant sections represented by
0.005 m and 0.01 m voxel sizes (Boothroyd et al.
2016b), and the recommendation by Hosoi et al.
(2013) that the voxel size should approximately cor-
respond with the diameter of the smallest plant
branches (0.01 m). However, the recommendation
does not account for foliation. If the thinness of
leaves (typically sub-mm) are taken into account,
the volume of a single leaf is likely to be greatly
overestimated by the 0.01 m voxel size. Therefore,
foliated plant geometric characteristics will be over-
estimated (Hess et al. 2015) and this represents a
limitation of our approach. Application of a finer
voxel size could improve the representation of foli-
ation; however, this would be limited by the instru-
ment precision. A balance therefore exists between
the instrument precision and plant characteristics,
with the 0.01 m voxel size providing the best solu-
tion. The voxelization procedure considerably sim-
plifies the point cloud, reducing the number of
points from 300,000 to 8,500 voxels in Pl3, and
providing a binary occupied/unoccupied grid of
voxels that are incorporated directly into the CFD
model. For experiment 2, the voxelized plant repre-
sentations are rotated about the vertical axis in 15
increments, thereby changing the plant orientation
to the incident flow by 0 to 360 and providing 24
discrete orientations for each of the defoliated and
foliated plants. The naming of plant orientations is
arbitrary because it is dependent on the way the
plant was oriented during the initial scan-
ning process.
Table 1. Plant geometric characteristics and plant drag response (total domain drag, form drag, skin friction drag for the
whole domain and drag coefficient) for experiment 1 (Pl1, Pl2, and Pl3) and experiment 2 (Pl4, defoliated(Def) and foliated(Fol)
at 0 plant orientation).
Plant
Plant frontal
area (m2) Plant volume (m3)
Total domain drag
force (N m2)
Form drag
force (N m2)
Skin friction drag
force for the
whole
domain (N m2)
Ratio of form drag
to skin friction
drag for the
whole domain (-) Drag coefficient (-)
Pl1 0.282 0.0091 9.742 4.432 5.310 0.835 1.786
Pl2 0.260 0.0067 7.033 3.819 3.214 1.188 1.805
Pl3 0.342 0.0084 9.840 5.056 4.784 1.057 1.384
Pl4 Def 0.055 0.0012 4.431 0.148 4.283 0.035 1.540
Pl4 Fol 0.212 0.0050 5.746 1.742 4.004 0.435 1.243
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CFD modelling
The numerical scheme involves a finite volume solu-
tion of the full three-dimensional Navier–Stokes
equations in a Cartesian coordinate system, with the
equations closed by applying a two-equation k-e tur-
bulence model modified using Renormalization
Group Theory (RNG) (Yakhot and Orszag 1986).
This model has been shown to outperform the stand-
ard k-e turbulence model in regions of high strain,
flow separation, and reattachment (Yakhot and
Orszag 1986; Lien and Leschziner 1994; Hodskinson
and Ferguson 1998; Bradbrook et al. 2000), is numer-
ically stable (Hardy et al. 2005), and has been widely
adopted in geomorphological CFD applications
(Hodskinson and Ferguson 1998; Bradbrook et al.
2000; Marjoribanks et al. 2016). The convergence cri-
terion was set such that the residuals of mass and
momentum flux were reduced to 0.1% of the inlet
flux, as has been applied in previous work (Ferguson
et al. 2003; Lane et al. 2004; Marjoribanks et al.
2016). The CFD model has previously been validated
against spatially distributed velocity measurements of
flow around a submerged Hebe odora plant, with vel-
ocity measurements collected using an acoustic
Doppler velocimeter (aDv) and showed very good
general agreement for the three-dimensional mean
flow (Boothroyd et al. 2017).
In experiment 1, a domain of 300 cells long, 100
cells wide, and 85 cells high was created at a spatial
resolution of 0.01 m (2,550,000 grid cells). In experi-
ment 2, a similar domain of 350 cells long, 120 cells
wide, and 100 cells high was created at a spatial
resolution of 0.01 m (4,200,000 grid cells). Domains
of different sizes were required to accommodate the
plant representations, whilst maximizing the compu-
tational efficiency.
The voxelized plant representations were incorpo-
rated into the CFD model using a mass flux scaling
algorithm (MFSA) (Lane et al. 2002, 2004; Hardy
et al. 2005), treating the plants as a numerical por-
osity (Marjoribanks et al. 2014b; Boothroyd et al.
2016a; Marjoribanks et al. 2016; Boothroyd et al.
2017). Because the spatial discretization of the
domain is equal to the voxel size used to describe
the plant, a binary blocked/unblocked numerical
porosity treatment follows (Lane et al. 2004). This
means that all permeability through the plant is
explicitly represented by the grid-scale
plant blockage.
The plant blockages were centred at the midline
(0.5 Y/w) and positioned at 0.22 X/l in experiment 1,
and 0.18 X/l in experiment 2. An overview of both
numerical domains showing the position of the
plants are shown in Figures 2(a) and 3(a). The flow-
facing structure of the plants to the incident flow for
experiments 1 and 2 are shown in Figures 2(b) and
3(b), respectively. Considerable differences in the
flow-facing structure are shown between specimens
of the same species (Figure 2(b), experiment 1).
Similarly, Figure 3(b) (experiment 2) shows that the
flow-facing structure of the defoliated and foliated
plants is modified with changes in plant orientation
from 0 to 180. Based on the two-dimensional pro-
jection of each plant in the numerical domain, block-
age ratios are reported in Figures 2(b) and 3(b).
Between different specimens of the same species, and
with changes in plant orientation, how the plant is
“seen” by the incident flow is substantially altered.
The differences in plant geometry characteristics
between plants (Pl1–Pl4) are quantified in the
results section.
Inlet conditions are kept the same throughout the
numerical experiments, with downstream velocity
set to 0.25 m/s (held constant over Z/h), and a tur-
bulent intensity of 5% used. In each experiment, the
flow was fully turbulent (Re 230,000 and 270,000)
and subcritical (Fr 0.09 and 0.08). The outlet was
defined using a fixed-pressure boundary condition
where mass could enter and leave the domain. No
modification has been applied to the turbulence
model for either bed or domain sidewalls, which
were treated as a non-slip boundary, and the none-
quilibrium wall function is applied which assumes
Figure 1. Stages of the voxelization process for the P. laurocerasus plant used in experiment 1 (Pl3), showing: (a) the postpro-
cessed point cloud containing 300,000 points, (b) the fitted octree structure with a cell size of 0.01 m, and (c) the voxelized
plant representation at a 0.01 m voxel size (8,500 individual voxels).
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local equilibrium of turbulence (yþ¼ 47) (Launder
and Spalding 1974).
We present results with the downstream (u–) vel-
ocity field normalized on the inlet velocity. Velocity
profiles were selected to cover the downstream
range of wake separation and reattachment, with sli-
ces along the domain midline and outer plant edges
used to further elucidate flow structures. In experi-
ment 1, mean normalized downstream velocity pro-
files are calculated from Pl1, Pl2, and Pl3. In
experiment 2, mean normalized downstream vel-
ocity profiles are calculated for both foliation states
from the 24 plant orientations. Furthermore, the
pressure field (p) surrounding vegetation elements is
resolved in the downstream direction and integrated
over the lateral extent of the plant blockage to cal-
culate the form drag response. This involves inte-
grating the difference in pressure from immediately
upstream and downstream of vegetal elements to
calculate the net downstream force exerted on the
plant. Calculation of form drag follows the standard
method in aerodynamics for calculating drag from
pressure (Anderson 1984), following the pressure
coefficient approach:
Fd ¼
ð
A
pf  pbð ÞdAp
(1)
where Fd is the form drag force (N m
2), pf is the
pressure at the blockage front (Pa), pb is the pressure
at the blockage back (Pa), d is the height of cells in
the domain (m), and Ap is the reference area (m
2).
The reference area is taken as the plant frontal area,
which is quantified from the voxelized plant repre-
sentations. In addition to form drag, an estimate of
the total domain drag is quantified by summing the
difference in pressure from the inlet and outlet of
the domain, and reapplying Equation (1). With form
drag subtracted from the total domain drag, the con-
tribution of skin friction drag for the whole domain
is estimated. The ratio of form to skin friction drag
for the whole domain is then quantified.
Furthermore, form drag force is used to calculate
the drag coefficient, following:
Cd ¼ Fd1
2 qu
2Ap
(2)
where Cd is the drag coefficient (-), q is the density
of the fluid (kg/m3), and u is the reference velocity
(m/s). The pressure coefficient approach provides an
efficient means for calculating plant drag forces and
drag coefficients for different specimens and plant
orientations. In experiment 2, because of the circular
nature of the data, directional statistics for the form
drag force and drag coefficient are calculated using
Figure 2. (a) The domain used in the CFD model (experiment 1) to simulate flow around Pl1–Pl3. The blue values indicate the
number of cells in each direction of the domain, the blue arrow demonstrates the flow direction, and the red dots show the
position of extracted velocity profiles. (b) The presentation of the P. laurocerasus specimens, showing the flow-facing structure
as viewed looking downstream from the domain inlet. The blockage ratio is shown in the bottom-left corner of each plot.
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the CircStat toolbox in MATLAB (Berens 2009).
The mean direction, circular variance, angular devi-
ation, circular skewness, and circular kurtosis are
calculated following the work by Zar (1999) and
Pewsey (2004).
Results
Plant geometric characteristics
From the voxelized plant representations, the plant
geometric characteristics are described for each of
the P. laurocerasus plants used in experiment 1 (Pl1,
Pl2 and Pl3) and experiment 2 (Pl4, defoliated and
foliated). Results for crown width (Figure 4(a)), nor-
malized cumulative frontal area (i.e. plant hypsome-
try, Figure 4(b)), and the vertical distribution of
plant volume (Figure 4(c)) are shown. Results are
normalized over the vertical extent of plant height
(Hnorm), allowing direct comparison between plants
of different height. A summary of plant geometric
characteristics are reported in Table 1.
For the plants used in experiment 1, the crown
width of Pl1 differs from Pl2 and Pl3 (Figure 4(a))
with the maximum crown width 25% greater and
positioned higher over Hnorm. Differences in crown
width are attributed to different branch architectures
between the specimens. However, Figure 4(b) shows
that although Pl3 has the largest frontal area, 20%
larger than Pl1 and 30% larger than Pl2, the curves
for normalized cumulative frontal area are very
similar between Pl1, Pl2, and Pl3. For the vertical
distribution of plant volume (Figure 4(c)), similar-
ities in the volume distribution are shown between
Pl1, Pl2, and Pl3. The greatest degree of similarity in
the distribution of volume exists between Pl1 and
Figure 3. (a) The domain used in the CFD model (experiment 2) to simulate flow with incremental changes in plant orienta-
tion. The blue values indicate the number of cells in each direction of the domain, the blue arrow demonstrates the flow dir-
ection, and the red dot shows the position of the extracted velocity profiles. The black arrows indicate rotation around the
base of the plant. (b) The presentation of the defoliated (top row) and foliated (bottom row) plant in the plant orientation
range 0–180, showing the flow-facing structure as viewed looking downstream from the domain inlet. The blockage ratio is
shown in the bottom-left corner of each plot.
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Pl3, although Pl1 is volumetrically greatest (35%
larger than Pl2 and 10% larger than Pl3). Plant
geometric characteristics are shown to be similar
between the foliated plants used in experiment 1,
especially when the normalized cumulative frontal
area and plant volume over Hnorm are compared.
For the plant used in experiment 2 (Pl4, defoli-
ated and foliated), the lack of leaves for the defoli-
ated plant considerably narrows the crown width
(Figure 4(a)) and changes the overall flow-facing
structure (Figure 4(b,c)). Beyond the main branch-
ing point (0.33 Z/h), the crown width of the foli-
ated plant is approximately double that of the
defoliated plant. Substantial differences are shown
between the curves of normalized cumulative frontal
area (Figure 4(b)) and volume over Hnorm (Figure
4(c)). When defoliated, the curve for the normalized
cumulative frontal area follows the line of equality
more closely than for the foliated plant. Similarly,
the defoliated plant volume is approximately equally
distributed over Hnorm, whereas for the foliated
plant a marked increase in volume is associated
with the leaf body beyond 0.33 Z/h. Overall, the
total frontal area and the total volume of the defoli-
ated plant is only 25% that of the foliated plant.
Substantial differences in plant geometric character-
istics are shown between the defoliated and foliated
plant used in experiment 2.
A final comparison is made between the foliated
plants in experiments 1 and 2. The foliated plants in
experiment 1 (Pl1, Pl2, and Pl3) are larger than the
foliated plant in experiment 2 (Pl4), having greater
total frontal areas and total volumes. The distribu-
tion of crown width and plant volume over Hnorm is
displaced towards lower values for Pl4 (Figure
4(a,c)). However, the normalized cumulative frontal
area (Figure 4(b)) appears similar between Pl1, Pl2,
Pl3, and Pl4. This is important as Pl1, Pl2, and Pl3
are entire intact plants, whereas Pl4 was a slightly
smaller section pruned from a larger entire plant.
This confirms similarities in the foliated plant
geometry characteristics of entire plants and
pruned sections.
Experiment 1: Flow field dynamics around
three plants of the same species (Pl1, Pl2,
and Pl3)
To understand the flow field dynamics, first we pre-
sent downstream (u–) velocity profiles at multiple
locations in the model domain. Velocity profiles are
shown at 0.30, 0.50, and 0.70 Y/w covering the
downstream region 0.33, 0.40, 0.50, and 0.60 X/l
(Figure 5) and normalized by the inlet velocity. To
understand the average shape of velocity profiles,
the mean normalized downstream velocity profiles
Figure 4. Plant geometry characteristics for the P. laurocerasus plants used in the numerical modelling experiments (top row:
Pl1–Pl3; bottom row: Pl4 defoliated and foliated plants at a 0 plant orientation), showing: (a) crown width, (b) the normalized
cumulative frontal area (or plant hypsometry), and (c) the volume over normalized plant height, Hnorm. Total plant frontal
areas and total plant volumes are shown in the legends of (b) and (c).
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from Pl1, Pl2, and Pl3 are calculated. At each loca-
tion in the model domain, the mean normalized
downstream velocity profile is plotted alongside the
normalized downstream velocity profiles for Pl1, Pl2,
and Pl3, thereby showing the range of velocity asso-
ciated with the three plants.
The mean normalized downstream velocity pro-
files show flow heterogeneity in the vertical direc-
tion (Z/h). Vertically, the three distinct velocity
zones that were identified by Boothroyd et al.
(2016a) are repeated here, with a zone of flow decel-
eration corresponding with the main plant body,
and zones of flow acceleration above and beneath.
However, a considerable range in the shape of nor-
malized downstream velocity profiles is shown (fine
lines for Pl1, Pl2, and Pl3: Figure 5). When averaged
over Z/h, the range in normalized downstream vel-
ocity between Pl1, Pl2, and Pl3 at 0.33 X/l 0.30 Y/w
is 0.471, equivalent to approximately 50% of the
inlet velocity. At this location there is little variation
in downstream velocity between Pl1, Pl2, and Pl3
below 0.25 Z/h. However, above 0.25 Z/h, where
flow begins to directly interact with the foliated
plant body, a larger range in normalized down-
stream velocity is modelled (the maximum normal-
ized range is 1.044 at 0.59 Z/h). For velocity profiles
proximal to the plant (0.33–0.40 X/l), the range in
normalized downstream velocity averaged over Z/h
remains high (>0.3), although as flow recovers in
the downstream direction (0.50–0.60 X/l) the magni-
tude of the normalized downstream velocity range
reduces. The range in normalized downstream vel-
ocity and differences in velocity profile shapes
between Pl1, Pl2 and Pl3 indicate substantial differ-
ences in the downstream velocity field between the
three P. laurocerasus plants.
To understand more detail of the velocity field
for Pl1, Pl2, and Pl3, vertical slices of normalized
downstream velocity at 0.30, 0.50, and 0.70 Y/w are
taken (Figure 6). At the outer plant edges, the distri-
bution of vegetal elements strongly influences flow
field dynamics, specifically the shape of the deceler-
ated velocity zone (<1, Figure 6(a,c)). Although the
magnitude of normalized downstream velocity in
these zones is similar, the position and size of the
zone varies considerably between plants. This is
shown at 0.30 Y/w, where Pl3 has the largest decel-
erated velocity zone, forming when the plant is
interacting more directly with the flow than for Pl1
and Pl2 (Figure 6(a)). At the domain midline, Pl1
has the most substantial deceleration in the velocity
zone immediately behind the plant body (Figure
6(b)). As shown in Figure 5, normalized down-
stream velocity is not constant over Z/h, and even
within the decelerated velocity zone, flow heterogen-
eity is associated with changes in the distribution of
vegetal elements. Although a decelerated velocity
zone is formed behind Pl3, this is limited to the
Figure 5. Normalized downstream (u–) velocity profiles for Pl1, Pl2, and Pl3 at (a) 0.30, (b) 0.50, and (c) 0.70 Y/w in the down-
stream region 0.33, 0.40, 0.50, and 0.60 X/l (locations shown as red dots in Figure 2). The upper text denotes the position of
the velocity profile in the domain. The thick blue line represents the average downstream velocity profile, and the dashed
grey lines indicate the minimum and maximum downstream velocities from Pl1 to Pl3 at each increment of Z/h. The filled
grey area shows the range in downstream velocity for each profile. The lower text (grey) denotes the average range in down-
stream velocity, expressed as the normalized velocity, for each location in the domain.
8 R. J. BOOTHROYD ET AL.
region below 0.5 Z/h. Above this, a substantial zone
of flow acceleration is shown (>1), where the local-
ized region of faster moving flow is located between
branch clusters. Vertical slices of the normalized
downstream velocity field show that flow structures
substantially differ between plants (e.g. between Pl1
and Pl3), indicating a unique flow disturbance from
each plant.
Further insights into the normalized downstream
velocity field are provided by the horizontal slices
at 0.10, 0.35, and 0.60 Z/h (Figure 7). The different
perspective allows flow separation and reattachment
around the plants to be identified. Similarity in the
narrow zone of flow deceleration (<1) is shown
about the main stem at 0.10 Z/h (Figure 7(a)).
Beyond the main stem, the distribution of the
vegetal elements changes due to the influence of
the foliated plant body (Figure 4), and the flow
disturbance becomes more complicated. The down-
stream extent of the decelerated velocity zones at
0.35 Z/h are shown in Figure 7(b). Here, the plants
are more densely foliated, with the flow pattern
response suggesting that the plants were behaving
as a single foliated body, with the decelerated vel-
ocity zone constrained by the width of the plant.
Differences exist where, in the downstream direc-
tion, the decelerated velocity zones extend further
for the volumetrically larger plants (Pl1 and Pl3).
As shown in Figures 2(b) and 4(a), over Z/h the
distribution of vegetal elements and plant geomet-
ric characteristics change. As individual branches
diverge in the upper canopy, the influence of iso-
lated branches becomes more important. This is
shown in Figure 7(c) for Pl1 and Pl3, where flow
separates and reattaches around individual foliated
branches, and so the decelerated velocity zones
behave independently around these isolated ele-
ments. Together, Figures 6 and 7 indicate differen-
ces in flow structure in the normalized downstream
velocity field from individual plants of the
same species.
Results from the pressure fields are also investi-
gated (Figure 8), allowing the form drag force (Fd)
and drag coefficient (Cd) to be quantified (following
Equations (1) and (2)). Similarity is shown in the
spatial distribution of pressure on the upstream
Figure 6. Normalized downstream (u–) velocity field data for Pl1 (column 1), Pl2 (column 2), and Pl3 (column 3). Slices at (a)
0.30 Y/w, (b) 0.50 Y/w, and (c) 0.70 Y/w are shown (see inset diagram for illustration of position in the numerical domain).
The three-dimensional position of the plant is marked by the green shaded region.
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edge of the plants, with the zone of highest pressure
consistently located just above the main branching
point on each plant (Figure 8(a)). However, patterns
of low pressure on the downstream edge are less
Figure 7. Normalized downstream (u–) velocity field data for Pl1 (column 1), Pl2 (column 2), and Pl3 (column 3). Slices at (a)
0.10 Z/h, (b) 0.35 Z/h, and (c) 0.60 Z/h are shown (see inset diagram for illustration of position in the numerical domain). The
three-dimensional position of the plant is marked by the green shaded region.
Figure 8. Pressure distributions for Pl1, Pl2, and Pl3 at (a) the plant front and (b) the plant back. This shows the similarity in
the distribution of pressure between different plants of the same species, with highest positive and negative magnitudes of
pressure distributed towards the lower region of the plant bodies.
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clear (Figure 8(b)). The zones of lowest pressure are
located towards the edges of the foliated branches in
Pl1 and Pl3, but towards the main stem branch in
Pl2. Therefore, no consistent spatial pattern of low
pressure acting on the downstream edge of the
plants is shown.
Table 1 shows the considerable differences in
plant drag response between Pl1, Pl2, and Pl3. Total
domain drag ranges from 7.03 to 9.84 N m2 (vari-
ation of up to 40%), form drag ranges from 3.82 to
5.06 N m2 (variation of up to 33%), skin friction
drag for the whole domain ranges from 3.21 to 5.31
N m2 (variation of up to 65%), and drag coefficients
range from 1.38 to 1.81 (variation of up to 30%).
Between Pl2 and Pl3, a 32% increase in plant frontal
area and 25% increase in total plant volume causes
a 33% increase in form drag. However, the drag
coefficient appears insensitive to plant frontal area
and total plant volume, as shown by Pl3 which has
the largest frontal area but the lowest drag coeffi-
cient (23% lower than Pl1 and Pl2). For each of the
foliated plants, the values of form drag are of similar
magnitude to the skin friction drag for the whole
domain. Furthermore, variation is shown in the
ratio of form drag to skin friction drag for the
whole domain between plants, with the plant with
the smallest frontal area and total volume (Pl2) hav-
ing the largest ratio. The drag response therefore
differs between three plants of the same species,
even though the plant geometric characteristics are
largely similar.
Experiment 2: Flow field dynamics with changes
in plant orientation and foliation
With 15 incremental changes in plant orientation,
the shape of the normalized downstream (u–) vel-
ocity profiles proximal to the plant at 0.3 X/l 0.5 Y/
w are modified (Figure 9(a)). Individual normalized
downstream velocity profiles show heterogeneity
over Z/h, with irregular profile shapes (e.g. 345
plant orientation in Figure 9(a)). When averaged
over the 24 plant orientations (Figure 9(b,c)), the
average normalized downstream velocity profiles
become smoothed and the irregularity that was
characteristic of individual profiles is obscured.
With incremental changes in plant orientation, the
changes in velocity profile shape for defoliated and
foliated plants appear gradual. This is exemplified
between 0 and 45 for the foliated plant in Figure
9(a), where at 0 the velocity profile shape is
inflected and irregular but shifts towards a more lin-
ear velocity profile shape by a plant orientation of
45. Beyond incremental changes, it is interesting to
compare the shape of velocity profiles with a 180
change in plant orientation, as it is hypothesized
Figure 9. (a) Normalized downstream (u–) velocity profiles at 0.30 X/l 0.50 Y/w for the defoliated (grey) and foliated (green)
plants with changes in plant orientation, the average normalized downstream velocity profile for the (b) defoliated and (c) foli-
ated plants, and the average frontal area and range of frontal area for the (d) defoliated and (e) foliated plants. In (b) and (c),
the thick grey/green line indicates the average normalized downstream velocity profile and the dashed grey lines indicate the
minimum and maximum normalized downstream velocities at each increment of Z/h. The filled grey area highlights the range
in normalized downstream velocity using data from all 24 of the modelled plant orientations. Note the same axis ranges
between (a) and (c). In (d) and (e), the thick grey/green line indicates the average frontal area and the dashed blue lines indi-
cate the minimum and maximum frontal areas at each increment of Z/h. The filled blue area highlights the range in frontal
area using data from all 24 of the modelled plant orientations.
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that differences in the flow-facing structure of the
plant to the incident flow should be minimized with
a 180 change in plant orientation (Figure 3(b)).
With a 180 change in plant orientation, the shape
of the velocity profiles for some pairs of plants
remain similar (e.g. 45 and 225, 135 and 315,
both defoliated and foliated). However, there are
notable exceptions where the shape of the velocity
profiles substantially differ (e.g. the foliated plant at
0 and 180). This difference is explained by the
complex three-dimensional morphology of the plant
which is not isomorphic. With vegetal elements
asymmetrically distributed over the three-dimen-
sional plant extent, a 180 change in plant orienta-
tion modifies the flow-facing structure of the plant,
thereby influencing the presentation of the plant to
incident flow and generation of flow structures.
For the defoliated plant, the mean normalized
downstream velocity profile (Figure 9(b)) shows a
slight reduction from the inlet velocity (<1) around
0.4 Z/h. The velocity reduction appears to be associ-
ated with a small spike in frontal area (Figure 9(d)),
although overall the distribution of frontal area
appears approximately similar over Z/h, with only a
narrow range with changes in plant orientation
(shaded area, Figure 9(d)). Taking the minimum
velocities for each of the 24 normalized defoliated
velocity profiles, the mean normalized minimum
velocity is 0.664, with a standard deviation of 0.076.
The mean position of the velocity minima is 0.408
Z/h, with a standard deviation of 0.152 Z/h. The
range in downstream velocity remains approxi-
mately consistent over Z/h.
For the foliated plant, a greater reduction in nor-
malized downstream velocity is shown (Figure 9(c)).
The reduction in velocity is greater than for the
defoliated plant and this is associated with a marked
increase in frontal area around the foliated body
(0.4–0.8 Z/h, Figure 9(e)). Unlike for the defoli-
ated plant, changes in the distribution of frontal
area over Z/h are more substantial, with a larger
range in frontal area identified with changes in plant
orientation. The shape of the mean normalized
downstream velocity profile for the foliated plant is
more inflected. Taking the minimum velocities for
each of the 24 foliated velocity profiles, the mean
normalized minimum velocity is 0.492, with a
standard deviation of 0.096. The mean position of
the velocity minima is 0.598 Z/h, with a standard
deviation of 0.164 Z/h. The range in downstream
velocity over Z/h is less consistent than for the defo-
liated plant, with the largest velocity ranges shown
in the near-bed region associated with sub-canopy
flow (<0.25 Z/h), behind the lower half of the foli-
ated body (0.4 Z/h) and in the flow acceleration
zone above the canopy (>0.8 Z/h). The substantial
range in downstream velocity behind the foliated
body (Figure 9(c)) corresponds with the position
where a large range in frontal area over Z/h was
shown (Figure 9(e)) and this region is likely to be
responsible for partitioning flow beneath/above the
plant blockage.
Visually, the magnitude of the velocity reduction
is greatest when plants are foliated (generally plot-
ting to the left of the defoliated plant in Figure
9(a)). Comparing the results, the mean minimum
velocity is lower for the foliated plant, with the vel-
ocity minima positioned higher in Z/h. This is asso-
ciated with the distribution of plant frontal area
over Z/h, specifically the presence of the foliated
plant body. For the defoliated plant, the mean min-
imum velocity is higher, with the range in down-
stream velocities more consistent over Z/h. This is
attributed to the smaller range in plant frontal area
over Z/h with changes in plant orientation.
Differences in the pressure distributions over the
plant bodies with 60 changes in plant orientation
are shown in Figure 10. These increments were
selected to show relatively larger (e.g. 0–60) and
smaller (e.g. 0–180) changes in the flow-facing
structure of the plant. For both the defoliated and
foliated plants, changes in the plant orientation
modify the pressure distributions on the plant front
and plant back (Figure 10(a,b)). The largest differen-
ces are shown between plant orientations of 0 and
60, where the defoliated and foliated plant shift
from a more face-on alignment at 0 to a more
edge-on alignment at 60. For the defoliated plant at
orientations of 0, 120, and 180, a zone of rela-
tively high pressure (>30 Pa) at the plant front is
located on the main branching point. For the defoli-
ated plant at 60, the high pressure zone is displaced
higher up the main stem. At the plant back, regions
of relatively low pressure (<–30 Pa) are located
along the main stem for all orientations, although
the magnitude of the low pressure zone is greatest
at a 60 orientation. The pressure gradient for the
defoliated plant at a 60 orientation is 25% greater
than the average pressure gradient of the plants at
orientations of 0, 120, and 180. For the foliated
plant, the greatest similarities in the magnitude and
distribution of pressure are shown at orientations of
0 and 180, where the plant is aligned more face-
on to flow. Relatively higher pressure on the plant
front is positioned around the lower half of the leaf
body (associated with the peak in frontal area in
Figure 9(e)). Zones of lowest pressure are similarly
positioned at the plant back. For plant orientations
of 60 and 120, where the plant is aligned more
edge-on to the incident flow, the magnitude of high
and low pressure is smaller and appears more evenly
distributed over plant height. The average pressure
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gradient for plant orientations of 0 and 180 is
34% greater than the average pressure gradients for
plant orientations of 60 and 120. With changes in
plant orientation, the differences in the spatial dis-
tribution and magnitude of pressure for the defoli-
ated and foliated plant indicate that even small
changes in flow-facing structure of the plant have a
substantial influence on the pressure distribution.
Form drag forces (Fd), drag coefficients (Cd),
and frontal areas for each of the 24 plant orienta-
tions are quantified (Figure 11), with descriptive
and directional statistics reported in Table 2. For
the defoliated plant, the mean form drag force is
0.171 N m2, with a standard deviation of 0.058
N m2. Calculated form drag forces vary by up to
350%, ranging between 0.08 and 0.37 N m2. For
the foliated plant, the mean form drag force is
1.683 N m2, with a standard deviation of 0.376
N m2. Foliated form drag forces are approximately
an order of magnitude greater, varying by up
130%, and ranging between 1.02 and 2.32 N m2.
For the defoliated plant, the mean drag coefficient
is 1.520 with a standard deviation of 0.451. For the
foliated plant, the mean drag coefficient is 1.033,
with a smaller standard deviation of 0.172. Drag
coefficients range from 0.95 to 2.92 for the defoli-
ated plant (varying by up to 210%), but for the
foliated plant the range is smaller, from 0.76 to
1.36 (varying by up to 80%). For both the defoli-
ated and foliated plants, the drag coefficient tends
to be greater than unity.
Directional statistics quantify directional differen-
ces between the form drag force and drag coefficient
for the defoliated and foliated plants over the entire
range of plant orientations assessed. A key differ-
ence is shown, with the mean direction when
Figure 10. Pressure distributions for the defoliated and foliated plants at plant orientations of 0, 60, 120, and 180.
Pressure distributions at (a) the plant front and (b) the plant back. For both plants, pressure distributions are modified with
changes in plant orientation (e.g. the position and magnitude of low pressure on the plant back changes between 0 and 60
plant orientations). The greatest similarity in pressure distribution is shown between 0 and 180, when the plant is aligned
more face-on to flow, and the flow-facing structure is more similar.
Figure 11. Effect of plant orientation on (a) form drag force, (b) drag coefficient, and (c) frontal area. Note the order of mag-
nitude difference in form drag force between defoliated (grey) and foliated (green) plants. Clear axes of maximum and min-
imum symmetry are shown for the foliated plant, whereas discrete spikes in the drag response are shown for the defoliated
plant. Directional statistics are shown in Table 2.
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defoliated (form drag force 71; drag coefficient 50)
different than when foliated (form drag force 318,
drag coefficient 327). Furthermore, Figure 11 shows
clear axes of maximum and minimum symmetry for
the foliated drag response, with the defoliated drag
response characterized by a small number of dis-
crete spikes. These differences are quantified
through the circular variance, angular deviation, cir-
cular skewness, and circular kurtosis (Table 2). If
drag response values were spread evenly around the
circle, the circular variance would equal unity. For
both the form drag force and drag coefficient, circu-
lar variance values are close to unity, however the
value is consistently lower for the defoliated plant.
The angular deviation is analogous to the linear
standard deviation but bounded between 0 and
ffiffi
2
p
(Berens 2009). Angular deviation values for the
defoliated plant are slightly lower than for the foli-
ated plant, although both fall towards the upper
bound. Circular skewness values for the foliated
plant are slightly further away from 0, indicating
less symmetry in the drag response around the
mean direction for the foliated plant than for the
defoliated plant. Finally, the similar values of circu-
lar kurtosis indicate that neither dataset are strongly
peaked. Descriptive and directional statistics show
differences in the drag response with changes in
plant orientation, most notably in the different dir-
ectionality in the drag response between the defoli-
ated and foliated plants.
Finally, the control of blockage ratio on the form
drag forces from experiments 1 and 2 are shown in
Figure 12. In experiment 1, the blockage ratio varies
by up to 21% from 0.209 to 0.253 across the speci-
mens of the same species. In experiment 2, for both
the defoliated and foliated plants the blockage ratio
varies by up to 42% with changes in plant orienta-
tion (from 0.034 to 0.048 when defoliated; from
0.085 to 0.121 when foliated). Figure 12 shows that
increases in the blockage ratio are associated with
increases in the form drag force. This is likely to
have important implications for the drag response
when the plant width is of a similar order as the
numerical domain width. Furthermore, the differen-
ces in blockage ratio between experiments 1 and 2
show the differences between entire intact plants
(experiment 1) and pruned sections (experiment 2).
Discussion
Plant geometric characteristics were quantified from
voxelized plant representations postprocessed from
point clouds acquired by TLS. In experiment 1, the
three foliated P. laurocerasus plants had similar dis-
tributions of cumulative frontal area and plant vol-
ume over normalized plant height, although total
frontal area and total plant volume varied between
specimens. However, in experiment 2 the defoliated
plant had a distinct set of plant geometric character-
istics from the foliated plant. For comparison with
other species, Weissteiner et al. (2015) produced
cumulative frontal area curves for 20 plant speci-
mens including Alnus glutinosa, Betula pendula,
Betula pubescens, and Salix caprea, all of which were
harvested from a wetland in Finland. The specimens
strongly differed in plant morphology and height
(0.8–3.3 m), with smaller specimens (<2 m) show-
ing an almost linear cumulative frontal area over
normalized plant height, whereas the taller speci-
mens showed a more pronounced increase in
Table 2. Descriptive and directional statistics for the plant drag response (form
drag and drag coefficient) for the 24 plant orientations in experiment 2 (Pl4 Def
and Pl4 Fol).
Statistic
Form drag force Drag coefficient
Pl4 Def Pl4 Fol Pl4 Def Pl4 Fol
Descriptive statistics Mean (N m2/-) 0.171 1.683 1.520 1.033
Standard deviation (N m2/-) 0.058 0.376 0.451 0.172
Range (N m2/-) 0.282 1.304 1.970 0.602
Directional statistics Mean () 71.0 317.6 50.4 326.8
Variance (-) 0.895 0.991 0.900 0.995
Angular deviation (-) 1.338 1.408 1.342 1.410
Circular skewness (-) –0.107 0.145 –0.055 0.095
Circular kurtosis (-) 0.030 0.022 0.019 0.054
Figure 12. Blockage ratio effects on form drag force for dif-
ferent plants of the same species in experiment 1 (Pl1, Pl2,
and Pl3) and changes in plant orientation in experiment 2
(Pl4 Def and Pl4 Fol). Larger blockage ratios are associated
with higher form drag force.
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cumulative frontal area with normalized plant
height. However, this size dependency was not
shown for the Salix pentandra specimens investi-
gated by Righetti (2008), finding similitude in the
cumulative frontal area between smaller (0.7 m) and
taller specimens (1.5–3.5 m) cut from the banks of
restored mountain streams in the Trentino Region,
Italy (Nobile 2007). Here we have shown that plants
of the same species (P. laurocerasus) share similar
geometric characteristics, particularly the distribu-
tions of cumulative frontal area and plant volume
over normalized plant height.
However, the plant geometric characteristics
likely differ between plant species, and this is related
to their ecological functioning. Weissteiner et al.
(2015) show that because Salix caprea is positioned
close to riverbanks, and therefore inundated by fre-
quent flooding, the branch architecture is adapted
to reduce the frontal area at the tree base, thereby
modifying the bending and drag response under
hydrodynamic loading. In terrestrial environments,
similar responses have been recorded where wind
loading modifies the overall plant morphology over
long timescales, producing “flagged” plants
(Gardiner et al. 2016). These morphological modifi-
cations have important implications for flow field
dynamics, which are influenced by a range of plant
properties including: age, seasonality, foliage, areal,
and volumetric porosities (Shields et al. 2017).
Results from experiment 1 show that differences
in the distribution of vegetal elements have a con-
siderable influence on the normalized downstream
velocity field. Although the overall geometric char-
acteristics were similar between the foliated P. lauro-
cerasus plants, the modelled normalized downstream
velocity fields differed. Each of the plants introduced
a unique disturbance to the flow field, controlled by
the branch architecture and position of the leaf
body. Largest ranges in normalized downstream vel-
ocity were shown where the flow directly interacted
with the foliated plant bodies, because the vertical
and horizontal distribution of vegetal elements influ-
ence the velocity field (Lightbody and Nepf 2006).
This has been shown previously for tamarisk plants
(Tamarix chinensis/Tamarix ramossissima), where
velocity profiles were nonmonotonic and inflected,
with alternating zones of relatively slower and faster
moving flow were associated with the plant body at
different heights above the bed (Manners
et al. 2015).
Results from experiment 2 show that with incre-
mental changes in plant orientation, the shape of
normalized downstream velocity profiles change.
More specifically, the position and magnitude of the
downstream velocity minima shift as the flow-facing
structure of the plant is modified. This is explained
by changes in the three-dimensional exposure of
vegetal elements (Hurd 2000), with upstream ele-
ments extracting energy from the flow
(Marjoribanks et al. 2014a), thereby providing a
localized sheltering effect. These effects are largest
for leafy plants (Takenake et al. 2010), and can
cause a greater drag reduction in plants with mul-
tiple elements (complex branching structure) and
higher leaf area (Jalonen et al. 2013). The differences
in exposure and localized sheltering help to explain
the differences in the normalized downstream vel-
ocity profiles, even between those plant orientations
where there should be smaller differences in the
flow-facing structure (e.g. 180 change in plant
orientation). This is because the complex three-
dimensional morphology of plants is not isomorphic
and with vegetal elements asymmetrically distributed
over the plant extent, changes in plant orientation
modify the flow-facing structure of the plant and
thus flow field dynamics. Results from experiment 2
show the importance of plant orientation on flow
field dynamics and it is acknowledged that the ini-
tial orientation of Pl1, Pl2, and Pl3 in experiment 1
would influence results presented here.
The highly heterogeneous normalized down-
stream velocity fields are analogous to the irregular
shaped velocity profiles in channels with coarse bed
roughness (after Byrd et al. 2000). Individual nor-
malized downstream velocity profiles behind the
plants appear irregular in shape, whereas the average
normalized downstream velocity profiles appear
more regular and smoothed (Figures 5 and 9). This
is especially relevant where branches diverge, result-
ing in flow separation and reattachment about the
individual branches, thereby influencing vortex
shedding and controlling the types of coherent flow
structures present in the region (Stoesser 2013).
This raises the question to what extent can velocity
profiles be generalized around morphologically com-
plex plants, where the flow disturbance is dependent
on the interplay between the three-dimensional dis-
tribution of vegetal elements and the orientation of
the plant to the incident flow. Quantification of
average velocity fields and profiles may obscure the
local flow field dynamics that are unique to an indi-
vidual specimen.
When considering the sensitivity of the pressure
and drag response with changes in plant orientation,
similarities are drawn with flow around imperme-
able, surface-mounted cuboidal blockages, posi-
tioned either face-on or edge-on to the incident
flow. When face-on, a large portion of the kinetic
energy in the incident flow is extracted through
form drag. However, when the cube is edge-on,
much of this kinetic energy is retained, with stream-
lines compressed and flow accelerated around the
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outside of the blockage (Lee and Soliman 1977).
With the plant presented more face-on to the inci-
dent flow, this becomes analogous to a face-on
cube, where the drag coefficient is greater than for
the same cube positioned edge-on (face-on drag
coefficient ¼ 1.10; edge-on cube drag coefficient ¼
0.80; Streeter 1998). Visually, this was shown for the
foliated plant by the axes of maximum and min-
imum symmetry in Figure 11. With the foliated
plant presented more face-on to the incident flow,
as shown at 0 and 180 in Figure 3, the pressure
gradient was 34% greater than the average pressure
gradients for plant orientations of 60 and 120.
This resulted in a larger form drag force and drag
coefficient that were further investigated through
directional statistics and showed the mean direction-
ality of the drag response around a plant orientation
of 320.
Comparisons are also made with studies of large
woody debris (LWD) in rivers that show trends in
the drag coefficient with changes in tree log orienta-
tion (Gippel et al. 1996; Hygelund and Manga 2003;
Shields and Alonso 2012). Measuring the drag
response on cylindrical and tree-like models of logs
in a laboratory flume, Gippel et al. (1996) showed
that changes in tree log orientation have a large
effect on the drag coefficient. For cylindrical logs
the drag coefficients ranged from 0.4 to 1.2,
whereas when trunks and branches were present,
the drag coefficient varied less, from 0.35 to 0.65
(Gippel et al. 1996). For the branched model, the
drag coefficients were lower because with the intro-
duction of branches, the increase in drag force was
less than the increase in frontal area. Conversely,
field studies have shown a near constant drag coeffi-
cient with changes in the orientation of a cylindrical
log (Hygelund and Manga 2003). However, these
experiments were conducted over a hydraulically
rough bed, thereby introducing irregular velocity
profiles that are hypothesized to account for the dif-
ferences from the work by Gippel et al. (1996).
Shields and Alonso (2012) also introduced non-
cylindrical branched logs into an outdoor grassed
channel, with drag coefficients considerably influ-
enced by log orientation. Drag coefficients ranged
from 0.22 to 6.27 for the log orientations tested and
corresponded with the drag coefficient values of 0.7
to 9.0 reported by Manners et al. (2007) for natural
large wood formations. The findings from studies of
large woody debris in rivers are comparable to the
results from numerical modelling experiments
reported here, with the orientation of the plant to
the incident flow a primary control on the
drag response.
Furthermore, when an impermeable surface-
mounted cuboidal blockage is rotated from face-on
to edge-on, the spatial patterns of erosion substan-
tially change. In aeolian flows, McKenna-Neuman
et al. (2013) show that when a cube is rotated to
edge-on, fluid momentum increasingly spills around
the blockage edges. This substantially extends and
stretches vortex tails in the leeward direction, result-
ing in substantial erosion from the vortices that
have formed (Sutton and McKenna-Neuman 2008;
Bauer et al. 2013). When face-on, however, the spa-
tial extent of erosion is smaller, with very limited
erosion in the lee of the blockage. Significant vari-
ation in sediment removal has therefore been
reported with changes in obstacle orientation. This
is important for flow-vegetation interactions, where
generation of a strong sub-canopy jet of fluid
beneath foliated plants can induce significant bed
scouring (Yagci and Kabdasli 2008; Yagci et al.
2016). Although the flow processes do not transfer
directly from impermeable blockages to more per-
meable plant blockages, it is apparent that plant
orientation does exert a control on flow field
dynamics, has considerable implications for the drag
response, and is expected to influence sediment
transport processes.
In the current experiments, we acknowledge that
variability has only been considered as morpho-
logical differences between specimens of the same
species (experiment 1) and with rotation of a differ-
ent specimen around the vertical axis (experiment
2). In natural rivers, flexible plants will reconfigure
under hydrodynamic loading to reduce drag (Vogel
1994) resulting in further variability. Plant reconfig-
uration is a complex three-dimensional process,
dynamically modifying the flow-facing structure of
the plant to the incident flow. This involves shifts in
the general plant posture due to static reconfigur-
ation and streamlining to the mean flow (Sand-
Jensen 2003; Siniscalchi and Nikora 2013) and
dynamic reconfiguration associated with smaller
scale oscillations to the instantaneous flow
(Siniscalchi and Nikora 2013). Here, results have
shown that small changes in the flow-facing struc-
ture have considerable implications for plant-scale
flow structures and drag. Furthermore, results from
experiment 2 suggest that changes in the flow inci-
dence will influence flow field dynamics.
Our results showed that for the foliated plants,
the magnitude of form drag was similar to the mag-
nitude of skin friction drag for the whole domain.
For riparian plant species, form drag usually domi-
nates over skin friction drag (Nikora 2010; V€astil€a
and J€arvel€a 2014). Where vegetation undergoes sig-
nificant reconfiguration under hydrodynamic load-
ing (e.g. macrophytes and blade-models of seaweed),
form drag is assumed to be much smaller than skin
friction drag (Nikora and Nikora 2007; Vettori and
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Nikora 2018). Furthermore, the contribution of
form drag and skin friction drag varies as a plant
reconfigures (Sand-Jensen and Pedersen, 2008;
Whittaker et al. 2013). This is especially important
for foliated plants, as foliage drag more directly
relates to the exposed leaf area than to the foliage
mass (V€astil€a and J€arvel€a 2014). At the leaf-scale,
the orientation of individual leaves changes from
perpendicular to parallel under hydrodynamic load-
ing, leaf-scale drag therefore shifts from form drag
to skin friction drag dominated (Vogel 1994).
Further efforts to quantify the contributions of skin
friction drag and form drag are needed, especially
for full-scale riparian plants under hydro-
dynamic loading.
The current model presented here simulates a
single plant on a plane bed and this limits transfer-
ability to natural river conditions. Both in-channel
vegetation and riparian plants are seldom found in
isolation, with the forces on individual plants
reduced due to sheltering and through the reduced
velocities in wakes from upstream plants (Sand-
Jensen and Madsen 1992; Edwards et al. 1999).
Cameron et al. (2013) and Biggs et al. (2016)
showed that single patches of Ranunculus penicilla-
tus cause appreciable flow alteration despite the
background turbulence generated from gravel- and
cobble-beds in the River Urie, Scotland.
Marjoribanks et al. (2016) incorporated multiple
vegetation patches and explicitly represented chan-
nel bed topography in a CFD model similar to that
used here. The presence of vegetation increased
small-scale flow variability but dampened the
impacts of topographically induced flow recircula-
tion. For multiple riparian plants on complex flood-
plain topography, the flow-facing structure of the
plant is still likely to exert a control on the flow
structures and drag response, with field/flume valid-
ation and further model development required to
test this.
Practical implications of this research include the
recommendation that future studies of flow–vegeta-
tion interactions at the plant-scale should explicitly
consider and justify the flow-facing structure of the
plant to the incident flow. This includes justification
for the selection of individual plant specimens, and
justification of how plants are positioned and orien-
tated in the flume/numerical domain. As much as
possible, these factors should reflect the plant in the
natural prototype habitat. In terrestrial environ-
ments, wind loading is shown to shape overall plant
morphology, with crown asymmetry an important
acclimation response to windy environments
(Gardiner et al. 2016), exposed plants tending to be
smaller and more compact than sheltered plants
(Telewski 1995) and windswept crowns having
significantly lower drag (Telewski and Jaffe 1986).
In aquatic environments, growth modifications and
morphological changes (e.g. size reduction, changes
in biomass allocation) are shown to occur in plants
exposed to flow (Idestam-Almquist and Kautsky
1995; Coops and Van der Velde 1996; Puijalon et al.
2005). An appreciation of these factors is important
when selecting plant specimens.
An additional practical consideration includes
blockage ratio effects on plant-scale flow–vegetation
interactions. Changes in plant orientation were
responsible for up to 42% variation in the blockage
ratio for individual plants (experiment 2) and
increases in the blockage ratio were associated with
increases in the form drag force (Figure 12). When
plant width is of the same order as the flume width,
this has previously been shown to influence drag
acting on submerged macrophytes (Cooper et al.
2007). Where possible, it is suggested that sensitivity
analysis be undertaken to understand the influence
of blockage ratio effects, especially with changes in
plant orientation. In practice, this could realistically
be achieved by repeating at least one experiment/
model run with the plant orientation modified by
90 to assess blockage ratio effects.
Results have shown that the calculated drag coef-
ficients deviate substantially from the commonly
assigned value of unity, or the typical drag coeffi-
cient value range from 1.0 to 1.2 that has been used
to represent vegetation in hydraulic modelling appli-
cations (Dittrich et al. 2012). In experiment 1, the
drag coefficient averaged 1.66 but ranged by 30%
between Pl1, Pl2, and Pl3. In experiment 2, the aver-
age drag coefficient across the 24 plant orientations
for the defoliated plant (1.52) was larger than for
the foliated plant (1.03), although the standard devi-
ation for the defoliated plant was more than double
that of the foliated plant. Considerable differences in
drag coefficient between plants of the same species
and with changes in foliation state are shown.
Similarly, in flume experiments on branches of Salix
viminalis, Salix alba, and Salix purpurea, Wunder
et al. (2011) quantified drag coefficients in the range
0.35–0.85 when foliated and 0.5–2.0 when defoli-
ated. The lower drag coefficients shown by Wunder
et al. (2011), especially for the foliated plants, are
explained by differences in the measurement tech-
nique (capturing actual plant projected area using
underwater video compared with the pressure coef-
ficient approach used here) and the influence of
plant reconfiguration and streamlining to minimize
drag in the flume experiments, compared with the
rigid treatment in the CFD model. However, both
studies show that a single drag coefficient value is
unlikely to reflect the full range of plant morpholo-
gies for both individual and different plant species.
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This has practical relevance for riparian plants,
where seasonal changes in the leaf-on and leaf-off
morphology influence the drag response (Wilson
et al. 2008; Whittaker et al. 2013).
For riparian species, previous work has shown
that the flow structures and drag response vary with
changes in foliation state and plant posture
(Boothroyd et al. 2016a, 2017) and here we show
the importance of the flow-facing plant structure.
How the plant is “seen” by the incident flow and
responds under hydrodynamic loading is therefore
crucial, as differences in these factors result in a
range of drag forces and drag coefficients. Drag
force and drag coefficient parameterizations that
rely only on a single plant morphology, or single
hydrodynamic loading response, are unlikely to rep-
resent the full range of drag responses that even an
individual species could exhibit. Future work should
therefore: (i) seek to appreciate the ranges in the
flow structure and drag response (both within and
between species) and (ii) search for any commonal-
ities in this response (both within and between spe-
cies). If commonalities can be found (e.g. between
similar species with similar morphological or recon-
figuration traits), this might allow a move away
from the need to provide high resolution simula-
tions of flow–vegetation interactions at the
plant-scale.
Conclusions
Results from a series of numerical modelling experi-
ments demonstrate that individual submerged ripar-
ian plant specimens show substantial variation in
the flow structure and drag response in river flow.
For different specimens of the same species (experi-
ment 1), and with incremental changes in plant
orientation for foliated and mechanically defoliated
plants (experiment 2), flow field dynamics have
been quantitatively assessed. Key findings include:
1. Plant geometric characteristics are similar
between foliated plants of the same species.
Although branch architecture varies between
foliated plants, influencing the three-dimen-
sional distribution of vegetal elements
(branches, stems and leaves), the cumulative
frontal area, and distribution of plant volume
are similar when these characteristics are nor-
malized over plant height (Figure 4). With the
foliage removed, the total volume of the defoli-
ated plant is only 25% that of the foliated
plant, and the volume is approximately equally
distributed over plant height. For the foliated
plants, the volume is less equally distributed
over the plant height due to the presence of the
leaf body.
2. Experiment 1 showed that different plants from
the same species introduce unique flow distur-
bances. From normalized downstream velocity
profiles taken proximal to three foliated plants,
the average range in normalized downstream
velocity is equivalent to 50% of the inlet vel-
ocity, indicating considerable differences exist
between plants (Figure 5). The range is greatest
above 0.25 Z/h, where flow directly interacts
with the foliated leaf body. Velocity profiles are
irregularly shaped (after Byrd et al. 2000) and
analysis of horizontal and vertical slices of the
normalized downstream velocity field indicate
that the three-dimensional distribution of vege-
tal elements influences the flow field dynamics
(Figures 6 and 7).
3. Experiment 2 showed that incremental changes
in plant orientation result in gradual changes to
the downstream velocity field, with the shape of
velocity profiles and the position and magnitude
of the velocity minima shifting as the flow-fac-
ing structure of the plant is modified (Figure 9).
This is explained by changes in the exposure of
vegetal elements (Hurd 2000), with localized
sheltering effects introduced by the multiple
vegetal elements and the foliated leaf body
(Takenake et al. 2010; Jalonen et al. 2013).
Conclusions (2) and (3) question the extent to
which generalized velocity profiles can be quan-
tified for morphologically complex plants, given
that the irregularity characteristic of individual
velocity profiles is obscured.
4. A substantial range of drag responses are quanti-
fied with changes in plant orientation; with form
drag forces up to an order of magnitude greater
for foliated than defoliated plants (Table 1,
Figure 11). The mean drag coefficient for the
defoliated plants (1.52) is larger than the mean
drag coefficient for the foliated plants (1.03),
although variation in the drag coefficients are
greater when the plant is defoliated (up to
210% variation when defoliated, 80% when
foliated). Likewise, for the three plants of the
same species, drag coefficients range by up to
30%, from 1.38 to 1.81. Directional statistics
showed that the mean direction of the drag
response differed between defoliated and foliated
plants (Table 2). With the foliated plant aligned
more face-on to the incident flow, larger pres-
sure gradients, form drag force, and drag coeffi-
cients were shown. The flow-facing structure
therefore exerts a key control on flow field
dynamics and the drag response. Newly quanti-
fied drag coefficients are generally greater than
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the previously established values used to
describe vegetation in hydraulic modelling appli-
cations (Cd ¼ 1.0–1.2; Dittrich et al. 2012), with
a single drag coefficient value unlikely to reflect
the full range of the plant morphologies and
flow-facing structures for an individual riparian
species (Figure 11).
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